T he nanoarchitectures of viruses and other pathogens have evolved to infect, evade, and manipulate host cells while, in response, immune recognition of antigens and other molecular patterns has evolved to be highly dependent on valency.
1,2 Nanoengineering efforts have sought to mimic this same spatial scaffolding for biomedical applications of synthetic materials. One such effort has directly utilized virus-like particles (VLPs), which are inherently multivalent and possess multiple interfaces for functionalization. 3, 4 VLPs are noninfectious nanocage architectures derived from viral sources or other naturally occurring protein cage architectures.
These cages can be isolated from infectious viruses by removing nucleic acid cargo or, in some cases, expressed heterologously. VLPs have been shown to act as effective scaffolds for nanoengineering applications including imaging, catalysis, materials construction, cellular targeting and vaccinology. 1, 3 ,5À9 All aspects of a VLP structure are genetically coded and engineering efforts can take advantage of their inherent self-assembly and genetic programmability by utilizing existing VLP proteins to direct protein cargo to different interfaces of the capsid. Here we demonstrate a robust strategy for presentation on the exterior of the VLP from Salmonella typhimurium bacteriophage P22 assemble in vivo after heterologous coexpression of these two proteins. 11 Guest proteins can be directed for encapsulation by genetic fusion to the scaffold protein. 12, 13 Initially the VLP adopts a spherical procapsid (PC) morphology but upon heating to 65°C undergoes a structural transformation to an expanded form (EX), which closely resembles the expansion of the infectious virus during DNA packaging.
14 Guest encapsulation within the P22 VLP, either scaffold protein-directed or via synthetic bioconjugation, has shown potential for biomedical applications such as diagnostic magnetic resonance imaging and vaccine development. 9 In particular, previous work, using a mouse model, has shown that intranasal administration of P22 with encapsulated influenza nucleoprotein provides CD8þ T-cell mediated homosubtypic and heterosubtypic immunity, against lethal infections with PR8 and X31 influenza viruses. 15 Development of a similar genetic strategy for exterior presentation would allow for the construction of spatially controlled bifunctional particles. The P22 VLP tolerates extension of the C-terminus of the coat protein resulting in externally functionalized particles. 16 However, presentation of large protein species is problematic as the C-termini are likely sterically crowded at local 5-and 6-fold vertices. Viral decoration proteins, which bind at symmetry specific sites on the exterior of the capsid, offer a biomimetic alternative to direct fusion to the coat protein.
Decoration proteins are common in doublestranded DNA bacteriophages and examples include Soc protein from bacteriophage T4, gpD in bacteriophage lambda, and Dec in bacteriophage L. 17À21 These accessory coat proteins can serve as structural reinforcement for the capsid architecture. 18 Of these decoration proteins, gpD has been used to present proteins, including multimers, on the surface of the lambda capsid with applications in phage display selection. 22, 23 While bacteriophage P22 lacks a native decoration protein, the trimeric decoration protein (Dec), from the highly similar bacteriophage L, binds with high affinity to the mature P22 capsid. 21, 24 The naturally occurring pro-heads for both bacteriophage L and P22 show no evidence for Dec binding, 21 which suggests that binding is discriminatory toward the EX morphology. Structural studies show that Dec binds preferentially to EX at the quasi-3 fold site but also occupies the true 3-fold site with lower affinity, suggesting that slight asymmetry in the topology of the binding site has a large impact on binding. 24, 25 From cryo-EM reconstruction models, the C-terminus of Dec was found to project away from the capsid surface at the center of the trimer providing a potentially useful conjugation site. 25 We constructed multiple Dec fusion proteins and truncations to test the utility of this system for ligand presentation. The Dec protein was fused to either the minimal CD47 peptide (Self) or the 17 kDa soluble region of murine CD40L. Self is a 21-amino acid peptide developed by Discher and co-workers from the contacting residues between CD47 and its binding partner SIRP-R. 26 The Self-peptide is able to bind to SIRP-R and inhibit phagocytosis by macrophages in the same manner as CD47. 27, 28 Presentation of Self-peptide on the capsid surface may extend capsid circulation time within the body. CD40L (CD154), a transmembrane signaling cytokine with a conserved TNF-like trimeric structure, is a key signal in adaptive immunity with applications as an adjuvant in infectious pathogens and cancer immunotherapy. 29À33 Polyvalent presentation of CD40L trimers, or other TNF family ligands, via the Dec trimer could lead to robust signaling and activation by promotion of native quaternary structure and high levels of polyvalent presentation. We show that Dec presentation is largely unaffected by C-terminal fusion. Furthermore, Dec presentation can be used in conjunction with previously reported interior encapsulation via genetic fusion to the scaffold protein to create an inside-and outside-functionalized P22 VLP using only genetic means.
13 P22 loaded with mCherry-SP was imbued with affinity for B lymphocytes through decoration with DecCD40L. In addition, uptake of P22 labeled with Cy7 by splenocytes was decreased through decoration with DecSelf thus demonstrating the versatility of the platform. We have also analyzed the mechanism and kinetics of binding providing key insights into further engineering of the Dec system. By Surface Plasmon Resonance (SPR) we distinguished between the contributions of a tighter and weaker interaction demonstrating subnanomolar affinity in the highest affinity interaction, nearly 3 orders of magnitude tighter than previous estimates. We demonstrated that the P22-Dec interactions, localized to the Dec N-terminal region, are likely charge-mediated and that the binding interaction can be modulated by ionic strength. Additionally, we identify a novel Dec-binding particle population within heterologously expressed P22-VLPs that may represent semiconserved defect particles.
RESULTS AND DISCUSSION
The C-Terminus of Dec Tolerates Large Protein Fusions. In order to facilitate the designed presentation of proteins on the surface of the P22 capsid, cargo proteins were linked to the C-terminus of the Dec protein via genetic fusion ( Figure 1 ). As a structurally simple case, the small, monomeric Self-peptide was introduced to ARTICLE form the DecSelf construct. 26 To examine the potential for Dec to present large multimeric proteins, the 148 amino acid soluble region of murine CD40L (AA 112À260), was cloned from a mouse thymus cDNA source and fused to the C-terminus of the Dec protein forming a DecCD40L fusion construct. The C3 symmetric structure of CD40L matches that of the underlying Dec, potentially enabling a strain free arrangement during assembly, binding and presentation. All genetic constructs were confirmed by DNA sequencing. Both of these constructs, as well as DecWT, were expressed heterologously in E. coli and purified via an N-terminal 6Â histidine tag. Both chimeric Dec constructs were expressed as soluble proteins although a significant portion of DecCD40L was observed by SDS-PAGE in the insoluble cell debris following lysis. Lowering the expression temperature to room temperature following induction resulted in higher yields of soluble DecCD40L. The purity of each construct was assessed by SDS-PAGE. After two passes through nickel-NTA chromatography all samples showed a single band at the expected molecular weight for DecWT (16 175 Da), DecSelf (18 320 Da) and DecCD40L (36 871 Da) (Figure 2A ). All constructs were stable for at least 3 months at 4°C.
Previous reports have shown, by sedimentation equilibrium analysis, that DecWT exists as a trimer in solution. 21 We used calibrated analytical size exclusion chromatography (SEC) to examine the quaternary structure of the Dec constructs. DecWT displayed a single peak at 40 ( 3 kDa, which corresponds well to a trimeric state (43.7 kDa). DecSelf displayed a single peak at 47 ( 3 kDa, which also matches a trimeric state (51.5 kDa) ( Figure 2B ). DecSelf was reanalyzed after storage at 4°C for 4 weeks and exhibited higher molecular weight peaks. To examine the contribution of a cysteine residue in Self-peptide to these higher molecular weight species, the same analysis was performed in the presence of 33 mM DTT. The addition of reductant resulted in the complete disappearance of the higher molecular weight peaks, which shifted to the trimeric peak (data not shown). Analysis of the DecCD40L was complicated due to an apparent interaction with the column preventing accurate measurement of the quaternary state by SEC. Further functional studies and surface plasmon resonance (SPR) fitting, discussed later, suggest that the functional trimeric state of CD40L is maintained. Taken together these data suggest that Dec can maintain a trimeric structure in the presence of C-terminal fusion. 
ARTICLE
Future applications of this system may require alternative methods such as S-carboxymethylation to block potential interprotein disulfide formation and avoid particle aggregation. DecCD40L and DecSelf Show Binding to the P22 VLP. An initial assessment of in-solution binding of Dec constructs to the EX P22 VLP was made using sizeexclusion chromatography (SEC) coupled with multiangle and quasi-elastic light scattering (MALS and QELS) respectively. Binding of DecWT to the capsid resulted in a shift in retention time and increase in hydrodynamic radius (r h ) of ∼1 nm suggesting an increase in the size of the particle. By MALS, the particle mass increased by 2.5 ( 0.2 MDa corresponding to 155 ( 6 DecWT monomers ( Figure 3A ,B, Table 1 ). This number suggests partial occupancy with a total expected occupancy of 180 monomers at the 60 quasi-3-fold sites and 60 monomers at the 20 true-3-fold sites for a total possible site occupancy of 240 Dec monomers. It should be noted that SEC-MALS is not appropriate to monitor the actual stoichiometry of binding as there is an ∼15 min delay between when the sample is taken out of equilibrium with excess Dec and when it is detected 
as it elutes off the column. For these reasons this technique is only used as an initial assessment of interaction between the Dec constructs and the capsid.
To assess the effect of either CD40L or Self-peptide fusion on Dec binding, in-solution binding was assessed in the same manner as DecWT ( Figure 3C ,E). By SEC and QELS both constructs showed retention shifts and increases in the r h of 1.8 and 1.2 nm for DecCD40L and DecSelf, respectively. By MALS, increases in particle molecular weight were observed corresponding to the binding of 51 ( 5 DecCD40L and 114 ( 11 DecSelf monomers ( Figure 3D ,F, Table 1 ). The lower occupancy for these constructs may indicate decreased binding or steric hindrance of adjacent sites. In the case of DecCD40L decreased occupancy is more likely due to the lower number of equivalents of DecCD40L that were used with this sample to avoid the interactions with the column that prevented analytical SEC analysis. SPR results discussed later suggest that both DecCD40L and DecSelf occupy approximately the same number of sites as DecWT.
CD40L Maintains CD40 Binding in P22-Bound State. In addition to maintaining binding to the capsid, target proteins must maintain functionality. To assess the functionality of the CD40L domain, DecCD40L was assayed for binding to primary murine B lymphocytes that display CD40 in high abundance. 29, 33, 34 To avoid phagocytosis of the particles, independent of CD40L-CD40 binding, all incubations were done at 4°C. DecCD40L was bound in excess to EX capsids containing an mCherry-SP fusion protein encapsulated on the interior. 13 CD40L decorated mCherry-P22 incubated with naive murine primary B lymphocytes (B220 þ , CD19 þ ) showed dramatic increases in binding, assessed by fluorescence-activated cell sorting, compared to P22 alone or P22 functionalized with DecWT, suggesting that the CD40L domain is functional as a fusion to Dec and presented on the surface of P22 ( Figure 4A ). Similar to other TNF family signaling mechanisms, CD40 requires trimerization by CD40L before it can associate with the trimeric, cytosolic TNF receptorassociated factors (TRAF) 2 and 3.
31,35À38 Previous attempts to utilize the soluble region of CD40L to stimulate the immune system have shown promise but are limited by the dose required to elicit an effect. This is likely due to the absence of avidity interactions and receptor clustering present in native CD40-CD40L signaling. 31, 39 Efforts to utilize antibodies as highaffinity alternatives to CD40L and TNF family ligands have also fallen short of promoting robust signaling because the bivalent binding of antibodies does not promote trimerization of CD40 without further crosslinking. 40 Polyvalent presentation of CD40L on the capsid surface likely maintains quaternary structure while making multiple contacts with cell surface CD40 and may result in effective signaling. Further studies are needed to characterize the nature of immune stimulation by DecCD40L decorated VLPs. By delivering a mCherry-SP cargo this result also shows that Dec Self Successfully Inhibits Phagocytosis of P22. As discussed above, the Self-peptide is a minimal mimic of CD47, which is a known marker of self and inhibitor of phagocytosis by macrophages. To assess the ability of surface presented DecSelf to decrease particle uptake, decorated VLPs were incubated with primary splenocytes. For ease of detection, P22 particles were labeled internally with Cy7-maleimide. P22-Cy7 alone or P22-Cy7 decorated with DecSelf was incubated with splenocytes at 37°C to encourage phagocytosis. Compared to P22-Cy7, DecSelf associated with cells with lower frequency (P = 0.0006) ( Figure 4B ). DecSelf association was indistinguishable from PBS controls suggesting minimal interaction. Binding experiments were also performed at 4°C to assess particle association with the cell surface without uptake. Low temperature trends reflected the same patterns seen at 37°C ( Figure 4C ). These results suggest that Selfpeptide presented as a Dec fusion on the exterior of the P22 VLP remains functional, interrupting association and uptake of particles.
High Salt Can Reverse Dec Binding. While the above results showing maintenance of function during Dec presentation are encouraging, these cell incubations occur on a relatively short time scale. In order for the Dec presentation strategy to be useful in vivo, binding must be stable for hours to days. In addition, detailed understanding of both the strength and mechanism of binding is essential in order to further engineer the Dec system. Previously, fluorescence anisotropy and a single site equilibrium-binding model were used to estimate a K D of 40À180 nM for Dec with an N-terminal his-tag. 25 We anticipated that by monitoring the kinetics of binding we could distinguish between the contributions of the two binding sites, assess the stability of the interaction and better understand overall the impact of engineering the Dec protein.
To monitor binding kinetics a SPR assay was developed. EX-P22 was immobilized via NHS/EDC coupling to the chip surface allowing for Dec to be flowed over the surface at known concentrations ( Figure 5 ). Identification of regeneration conditions that interrupted the Dec-P22 interaction but left the immobilized P22 capsids intact was key to the development of a robust SPR assay. In addition to providing a required method for refreshing the chip surface, regeneration conditions also provided insight into the mechanism of Dec binding to the capsid. Multiple regeneration conditions were screened and pulsed addition of 4 M MgCl 2 was shown to completely regenerate the P22 bound surface without interrupting the immobilized capsid integrity ( Figure S1A ). The integrity of the capsid under these conditions was confirmed by SEC. P22 was stable in 4 M MgCl 2 though Dec was released from the capsid ( Figure S1B ). In contrast, other common regeneration conditions, 0.35 mM EDTA or 20% acetonitrile, did not affect the Dec-P22 interaction. Lower concentrations of MgCl 2 were screened as well as a range of LiCl concentrations. High concentrations of LiCl (7 M) resulted in complete regeneration but also caused loss of material from the SPR chip. Short pulses of lower concentrations of either MgCl 2 or LiCl resulted in only partial regeneration of the chip surface (data not shown). Disruption of the Dec-P22 interaction with high salt over the short 10 s pulses utilized here may suggest that the interaction is at least partially electrostatic. However, both MgCl 2 and LiCl are known to act as chaotropes and thus regeneration could also be the result of partial denaturation of the Dec protein or coat protein.
Dec Binds to the Capsid with Subnanomolar Affinity. To assess the kinetics of binding, DecWT was bound to the (1) and binding is monitored by increasing SPR signal. After binding has been allowed to proceed the sample injection is switched to buffer (2) . Dec release from P22 is observed by a decaying SPR signal (3) . Both the association and dissociation phase are fit simultaneously to a binding model.
EX P22 surface at a range of concentrations and both the binding and dissociation were recorded by SPR. Initial binding measurements showed biphasic behavior consistent with two-site binding in the dissociation process at Dec concentrations as low as 100 nM. This involvement of the lower-affinity site potentially contributed to the high degree of uncertainty in the previous measurements. 25 For this reason, the true affinity of Dec for the high affinity site was anticipated to be higher than reported if the contributions of each site could be deconvoluted. Accurate data-fitting required that each data set be fit globally across all concentrations and in triplicate. Common mistakes in global biphasic Langmuir fitting models lie in the numerous models that can describe biphasic behavior. Experimental factors that may cause apparent biphasic signals include heterogeneity of the surface or analyte sample as well as overloading of the ligand surface. These were avoided by extensive purification of Dec samples and the use of an isotropic virus particle as the immobilized ligand. Chip loading with P22 was carefully monitored in real-time and terminated at levels estimated to be below the threshold for mass-transport limitations eq 1. This was confirmed by the absence of characteristic linearity in the early association phase. A simple two-independent binding site model was anticipated based on previous reports showing Dec binding to both the 3-fold (lowaffinity) and quasi-3-fold (high-affinity) sites of the P22 capsid.
Another factor complicating global fitting in general is the strong dependence on the initial input values. To avoid nondescriptive solutions, the data were fit systematically. First, low concentration data not displaying biphasic shape, at 100 nM Dec and below, were fit to a single-site binding model providing an initial estimate of association rate constants (k a ) and dissociation rate constants (k d ) ( Figure S2 , Table S1 ). Estimates for k a and k d were then used as inputs for the first site of a two-site binding model, initially held fixed and then allowed to vary after reasonable inputs had been obtained for the rate constants for the second site (k a2 and k d2 ).
As anticipated, binding of DecWT over the full range of concentrations assayed was poorly fit by a singlesite Langmuir model eq 3 but matched well with an expected two independent site Langmuir model (eq 4, Figure 6A ). While the two sites of the capsid may not be truly independent, previous cryo-EM reconstructions showed no evidence to justify using a more complex allosterically connected two-site model. As expected DecWT was shown to bind with higher than reported affinity to the high-affinity binding site ( 
Despite sensitivity to variation in all other parameters, the fit was insensitive to fixing the k d of the tight site to lower values. This is not surprising as minimal curvature due to the tight site can be observed in the 10 min dissociation time of these runs ( Figure 6A Figure S3A ). Significant reduction in the k d for both sites were observed (k d1 : 3.20 ( 0.04 Â 10 À6 s À1 ,
) ( Figure 6B ). Despite the extended run time there was still minimal curvature observed for the tight site suggesting that the k d may be even lower. In addition, deviation from good fit was observed early in the run where the curvature due to lower affinity interactions is most evident. To examine this contribution a third set of site parameters was introduced into the fit, which accounted for the deviation ( Figure S3B ). This disagreement suggests an interaction that is more complex than an independent two-site model possibly due to sterics or allostery. Such an effect could be due to changes in the dynamics of the capsid upon binding such as seen with GpD and bacteriophage lambda. 41 To assess the highest affinity interaction the k d of the tight site was fixed in the two-site fit across the full concentration data set. Minimal deviation was seen in other parameters resulting in a K D for the tight site of 0.255 ( 0.003 nM ( Table 2) . These parameters indicate a half-life of Dec binding at the tight site of at least 60 h. This affinity suggests that Dec constructs have the potential to stay associated with the P22-VLP for extended periods of time highlighting the potential utility of this system for in vivo applications.
Dec Binding is Largely Unaffected by C-Terminal Modification. Binding kinetics were measured for DecCD40L and DecSelf using the same immobilized P22 chip surface as for the DecWT experiments. Both constructs showed increased equilibrium signal at the same concentrations compared to DecWT indicating a larger mass deposition on the chip surface. Assuming that the same number of surface sites (P22) were available and being occupied, these results suggest that, as expected, the analyte had a larger molecular weight than DecWT. The binding of Dec constructs was compared to DecWT two-site fit without fixing the tight site k d . Kinetic fitting of the DecCD40L showed minimal change in affinity at the tighter binding site (k a : 6439
, K D : 30.8 ( 0.4 nM) and maintenance of the weaker binding site affinity despite the presence of the fused CD40L domain ( Figure 6C , Table 2 ). As with DecWT, fitting of the low concentration data set for DecCD40L by a single site model resulted in agreement with the tighter-site parameters of the two-site model ( Figure S2C ).
DecSelf also maintained biphasic-binding behavior but the fit to a simple two-site model was not as robust as for DecWT or DecCD40L ( Figure 6D) (Table 2) . Fit disagreement may be the result of some aggregation of DecSelf due to the cysteine in the Self-peptide as seen in the aged sample described above. DecSelf samples were prepared fresh for the SPR experiment and the uniformity assessed by SEC but any cross-linked species in the population formed subsequently could have contributed to fitting error. As mentioned above, SEC MALS is not an ideal method for monitoring the relative occupancy of Dec constructs at the available sites of the capsid due to the delay time between the sample being taken out of equilibrium and being monitored. SPR has previously been used to compare the stoichiometry of interactions and an estimate of the relative occupancy was calculated from net R max obtained from the kinetic fit of the SPR data. The net R max , the sum of the R max from the tight site and the weak site of the fit, reflects the projected maximum signal due to binding of the Dec construct to the EX-P22 surface. For the same chip surface R max can be compared to give a relative occupancy based on the molecular weight of the construct. For DecCD40L the relative binding compared to DecWT was 2.61 ( 0.06 compared to the expected value of 2.28 based on the ratio of the construct MW. For DecSelf relative binding was calculated to be 0.94 ( 0.04 compared to the ARTICLE expected value of 1.13 (Table S2) . Discrepancies between the expected and calculated values could be the result of slight differences in occupancy but are more likely a consequence of slight disagreements in the fitting of the data to a simple two-site model. Taken together these results suggest that Dec tolerates large fusions at its C-terminus and, while there may be subtle differences in the binding behavior, largely maintains binding to the capsid.
Identification of Key Dec Binding Regions. To further examine the mode of Dec binding and in an effort to potentially identify intermediate affinity Dec mutants, truncations of either the first 11 (DecΔ11) or 20 (DecΔ20) N-terminal residues were generated and analyzed for stability and binding. By calibrated SEC, both the DecΔ11 and DecΔ20 showed only single peaks at 43 ( 3 and 39 ( 3 kDa respectively which best corresponded to a trimeric structure (43.4 and 40.3 kDa) ( Figure 2B ). This suggests that key trimerization residues for the Dec protein are not located in the N-terminal 20 residues. In-solution binding assessed by SEC-MALS-QELS showed that DecΔ11 binding results in increased particle molecular weight and a retention shift but binding of DecΔ20 is completely absent ( Figure 7A ,B, Table 1 ).
The kinetics of binding for both DecΔ11 and DecΔ20 were assessed by SPR. DecΔ11 bound with similar affinity to DecWT at both the tight and weak binding sites ( Figure 7C , Table 2 ). DecΔ20 bound with significantly reduced affinity. DecΔ20 binding data did not display biphasic behavior over a concentration range of 0.032À31.6 μM. Fitting to a single-site model showed a more than 300-fold reduction in K D from the high-affinity site of DecWT ( Figure 7D , Table 2 ). The estimated relative occupancy for both constructs was assessed using the net R max . Both DecΔ11 and DecΔ20 displayed less than expected binding relative to DecWT but, as mentioned above, this may be explained by deviations in the fit as opposed to actual reduced site occupancy. The constructs showed an expected progressive decrease in the net R max with reduced MW (Table S2) .
Amino acid sequences of the N-terminus were compared between DecWT, DecΔ11 and DecΔ20. Notably DecΔ20, but not DecΔ11, loses charged residues compared to DecWT (K14, D15 and D17). While there may also be contributions from loss of essential structure due to truncation, the loss of binding with the loss of charged sites is consistent with the observed reversibility of the Dec-P22 interactions at high ionic strength. Identification of key binding regions could allow for the development of Dec variants with intermediate affinity for the capsid. Dec has previously been shown to be useful in mediating the assembly of P22 into higher order structures. 42 Modulating the affinity of Dec linkers in these systems could provide a key control in the assembly process.
Disulfide Cross-Linked Dec Induced Aggregation Removes a PC-like Subpopulation. In initial examination of the Dec-P22 interaction it was found that a subpopulation of P22-PC binds Dec, in apparent contradiction of reports in the literature where Dec does not bind to the PC morphology ( Figure 8A ). This suggested that our sample (purified by ultracentrifugation and SEC) ARTICLE was contaminated with a subpopulation that could not be removed via our normal purification procedure. This provided an immediate problem for further analysis of Dec binding and required purification.
To remove the subpopulation from the PC sample we used a C-terminal cysteine mutant of Dec (DecS134C), which upon oxidation forms a linear headto-head dimer of trimers that can cross-link and aggregate particles to which it binds. 42 The percentage of this subpopulation in the P22-PC sample was found to vary from batch to batch and could be purified away through Dec-Dec aggregation. The remaining PC was shown to have no measurable affinity for Dec ( Figure 8B ). Aggregated particles were resolubilized with 30 mM DTT and compared to nonaggregated particles by transmission electron microscopy (TEM). Particles in the aggregate showed higher frequency of cracked or incomplete particles compared with the original sample while the remaining particles after aggregation were almost completely devoid of misformed particles ( Figure 8CÀE ). This P22-PC subpopulation is indistinguishable by SEC, density-gradient ultracentrifugation and nondenaturing agarose gel electrophoresis (data not shown). Only TEM reveals the presence of the subpopulation, which is evident as mis-formed or incomplete particles. Formation of this subpopulation is likely a consequence of an imbalance in the relative production of coat protein and scaffold protein during heterologous expression. Aberrant assemblies of P22 have been reported and can usually be separated by centrifugation or SEC. 43 The subpopulation could also be due to a small amount of carry-over from an aberrant P22 peak that precedes the intact particle peak in nearly every heterologously expressed P22 VLP batch. However, given the quantity of these particles a more likely explanation is that the particles are imperfect T = 7 capsids that coelute with PC on SEC ( Figure 8A ). Interestingly the Dec binds extremely well to the aberrant assemblies and the Dec-Dec dimer precipitation was utilized as an effective method of purification.
CONCLUSIONS
We have shown that the bacteriophage L Dec protein can be used as a modular display tool for the presentation of complex protein moieties on the surface of the P22 VLP. Presentation of target proteins through fusion to the C-terminus of the Dec protein was shown to be robust and versatile. DecSelf presented on the VLP surface decreased cellular uptake during incubation with splenocytes and may provide a strategy for prolonging circulation of P22 VLP constructs in the body. DecCD40L, presented in the same fashion, showed drastically increased affinity for B lymphocytes suggesting that the trimeric protein is both presented and properly folded. In the DecCD40L experiments particles were tracked using a genetically incorporated interior payload of mCherry-SP demonstrating the compatibility of the two methods.
The Dec protein was shown to bind to high affinity sites on the P22 particle with higher affinity than previously reported. Two-site binding to the capsid surface, as suggested previously from cryo-EM reconstruction, was further supported by kinetic characterization of the binding process. As the concentration of Dec increases, evidence for a second weaker binding ARTICLE behavior, to the true-3-fold sites of the capsid, becomes evident.
The N-terminal domain of Dec was shown to be responsible for binding to the capsid. Specifically the section from amino acid 11À20 was critical for the binding interaction. Binding of Dec was reversed at high ionic strength suggesting that the interaction is at least partially charge-mediated. This insight can be used to design Dec constructs with alternative binding affinities to the capsid, allowing for control over processes such as Dec-mediated higher order assembly of capsids or release of the Dec-cargo from the capsid under controlled conditions. 42 Building on previous studies, demonstrating the broad utility of the P22 VLP as a modular encapsulation system through scaffold protein-fusion, Dec exterior functionalization allows for a similar utility on the exterior capsid surface. The unique use of accessory proteins (scaffold protein and Dec) as bioconjugation strategies while leaving the capsid protein unmodified allows for the preservation of the core capsid structure and the potential to add more complex cargos. This is the first known example of a three-protein, completely genetic VLP scaffolding system for simultaneous protein display and encapsulation.
MATERIALS AND METHODS
Materials. DNA modifying enzymes were purchased from New England Biolabs and Promega. DNA primers were purchased from Eurofins MWG Operon. Escherichia coli chemically competent BL21(λDE3) and electro competent ClearColi cells were purchased from Lucigen. QIAquick gel extraction kit and QIAprep Spin Miniprep kit were purchased from Qiagen. Cy7-maleimide was purchased from LumiProbe. All other chemical reagents were purchased from Fisher Scientific.
Molecular Biology. The DecWT gene with an N-terminal 6Â histidine tag was provided by Dr. Peter Prevelige and ligated into a pET Duet vector via BamHI and SacI sites. The 21 amino acid CD47 mimic Self-peptide was synthesized as a codonoptimized, annealed primer-set with exposed SacI and HindIII sticky ends (Self-fwd and Self-rev) The Self-fragment was ligated into to the pET Duet DecWT vector. Proper stop codons were introduced via quick-change PCR using Self-stop fwd and Self-stop rev. The soluble region of mCD40L was cloned from a murine thymus and lymph node cDNA library, provided by Dr. Ed Schmidt (Montana State University), into the DecWT vector using introduced SacI and HindIII restriction sites (DecCD40L fwd and DecCD40L rev). Truncations of the first 11 or first 20 N-terminal residues were carried out using the Q5 Site-Directed Mutagenesis Kit according to the manufacturer's instructions (New England Biolabs, catalog# E0554) using Dec Δ11 fwd, DecΔ20 fwd and pET rev. The DecWT pETDuet plasmid was used as template DNA. All inserts and mutations were confirmed by DNA sequencing (Eurofins MWG Operon, Inc.).
Self-fwd:
0 . Expression, Lysis and Purification. All constructs were transformed into either BL21 (DE3) E. coli or Clear Coli. E. coli strains harboring expression vectors for the Dec constructs were grown on LB medium at 37°C in the presence of ampicillin or kanamycin to maintain selection for the plasmid. Expression of the genes was induced by addition of isopropyl β-D-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM once the cells reached mid log phase (OD600 = 0.6). Cultures of DecSelf, DecCD40L and DecΔ11 were cooled to room temperature before induction in order to encourage a higher percentage of soluble product during purification. Cultures were grown for 4 h after addition of IPTG, then the cells were harvested by centrifugation and cell pellets stored at À20°C overnight. Using ClearColi all constructs were expressed as above but overnight growth was extended from 8 to 16 h to account for the approximately 40 min doubling time of the ClearColi strain.
Cell pellets were resuspended in PBS (50 mM sodium phosphate, 100 mM sodium chloride, pH 7.0) with lysozyme, DNase and RNase added and incubated at room temperature for 30 min. For Dec constructs, 1 protease inhibitor minitablet (Roche) was added per liter of original culture. The cell suspension was lysed by sonication. Cellular components were removed by centrifugation at 12000g for 45 min at 4°C. P22: P22 samples were purified from the postlysis supernatant by ultracentrifugation through a 5 mL 35% (w/v) sucrose cushion. The resulting viral pellet was resuspended in PBS (50 mM sodium phosphate, 100 mM sodium chloride, pH 7.0) and centrifuged at 16000g for 20 min to remove any remaining aggregates. Samples were then purified over an S-500 Sephadex (GE Healthcare Life Sciences) size exclusion column using a Biorad Biologic Duoflow FPLC. Fractions containing P22 were concentrated by ultracentrifugation and the resulting viral pellet was resuspended in an adequate volume of PBS or HBS (50 mM HEPES, 100 mM NaCl, pH 7.0). Dec: All His-tagged constructs were purified using a 5 mL Roche cOmplete His-tag purification column. Samples were loaded onto the column in PBS at 2 mL/min and washed with 40 mL of 50 mM phosphate, 100 mM sodium chloride, 20 mM imidazole pH 7.5. Samples were eluted with an 80 mL gradient from 20 to 125 mM imidazole. Fractions were collected based on A 280 and the pooled fractions were dialyzed into PBS or HBS overnight. Samples were concentrated by rebinding to His-tag column, washing with 40 mL of 20 mM imidazole and stepwise elution with 250 mM imidazole in either PBS or HBS. Samples were dialyzed as before to remove imidazole. Concentrations of each construct were determined by UV absorption measured at 280 nm under denatured conditions (5 M guanidine hydrochloride) using extinction coefficients calculated using Protein Calculator v3.3 (Chris Putnam, Scripps).
P22 Expansion. Procapsid P22 was diluted in PBS to a final concentration of 1.5 mg/mL and heated in a water bath at 67°C for 25 min. Expansion was assessed via nondenaturing 1% agarose gel electrophoresis at 65 V for 2 h in TAE buffer (40 mM Tris, 20 mM acetate, 1 mM EDTA pH 8.0) stained with Coomassie blue. Expanded samples were subsequently concentrated via ultracentrifugation SDS-PAGE. Protein samples were mixed with 4Â loading buffer containing 100 mM DTT, heated in a boiling water bath for 10 min, removed, and spun down on a benchtop centrifuge. Samples were separated on a 15% acrylamide gel at a constant current of 35 mA for approximately 1 h. Gels were stained with Coomassie blue stain, rinsed with water, and destained. Images were recorded on a UVP MultDoc-IT Digital Imaging System. A 10À180 kDa PageRuler prestained ladder was used for reference.
Analytical Size Exclusion Chromatography. Calibrated analytical SEC was performed on a WTC-030S5 (Wyatt Technologies) column on an Agilent 1200 HPLC at 0.7 mL/min of 50 mM phosphate, 100 mM sodium chloride and 200 ppm sodium azide pH 7.4. Samples at concentration of ∼1 mg/mL were ARTICLE applied in 25 μL injections and detected by absorbance at 280 nm. The void volume was determined using both EX-P22 (MW: 19.6 MDa) and blue dextran (MW: 2 MDa). A calibration curve was established using a Sigma-Aldrich Gel Filtration Molecular Weight Markers Kit including equine cytochrome C (12.4 kDa), bovine carbonic anhydrase (29 kDa), bovine serum albumin (66 kDa), yeast alcohol dehydrogenase (150 kDa) and sweet potato β-amylase (220 kDa). Dec samples were run in triplicate and data were fit using IGOR Pro 6.3.
Multiangle Light Scattering. Samples were separated over a WTC-200S5 (Wyatt Technologies) size exclusion column and an Agilent 1200 HPLC at 0.7 mL/min of 50 mM phosphate, 100 mM sodium chloride and 200 ppm sodium azide pH 7.4. All capsid samples, with the exception of DecCD40L, bound with Dec constructs were incubated for 30 min in 3Â stoichiometric excess of the respective Dec construct prior to injection. DecCD40L bound P22 was incubated with 0.8 equiv of DecCD40L per capsid site due to interactions of the DecCD40L with the column that prevented higher loading in this technique. Total run time was 30 min with injection of 25 μL per run. Resultant peaks were detected using a UVÀvis detector (Agilent), a Wyatt HELEOS Multi Angle Laser Light Scattering (MALS) and detector, and an Optilab rEX differential refractometer (Wyatt Technology Corporation). The number-average particle molecular weight, Mn, was calculated across each peak half max with Astra 5.3.14 software (Wyatt Technology Corporation) using a previously calculated dn/dc value of 0.185 mL/g. Surface Plasmon Resonance. A carboxymethyl dextran surface was functionalized with EX P22 through NHS/EDC coupling. Immobilization levels were estimated to allow for an approximate R max of 250 RU during DecWT binding according to eq 1 where S is the number of binding sites per ligand.
EX P22 ligand was dialyzed into 20 mM formate pH 4.4 and diluted to concentration of 10 μg/mL before being immobilized to a response level of 2000À2500 RU. For PC controls, PC P22 was immobilized to ∼4000 RU to account for increased mass and anticipated lack of binding. Previously reported binding parameters and preliminary assays were used to establish a relevant range of analyte dilutions from 0.316 to 1580 nM for DecWT. For extended dissociation runs, 10 μM DecWT was injected for 3 min and then buffer was run for 4 h before the chip was regenerated. All protein concentration measurements were taken under denatured conditions with an Agilent 8453 UVÀvis spectrophotometer. Extinction coefficients were calculated using the Protein Calculator tool v3.4 developed by Chris Putnam at the Scripps Research Institute. All SPR measurements were performed using a Bioptix 404PI 4-channel instrument utilizing in-line reference cells to account for bulk effects and nonspecific binding.
Surface Plasmon Resonance Data Fitting. All data were fit using a user-defined protocol in IGOR Pro 6.3. Data were fit systematically to ensure reasonable initial guesses as input parameters. First the dissociation data at low analyte concentrations, exhibiting only monophasic behavior, were fit independently to a single-site model providing an initial input for the dissociation rate constant (k d ) of the high affinity site eq 2. R(t; t 0 < t) ¼ R 0 e Àkd (t À t0) (2) where R is SPR signal, R 0 is the initial signal intensity as dissociation begins, t 0 is the beginning of the dissociation phase. The single-site k d estimate was initially held constant then allowed to vary in a fit of both the single site on and off rates for the low analyte concentration data set eq 3.
[1À e À(ka[A] þ kd ) ] 0etet 0 R 0 e Àkd (t À t0)
where R max is the signal at saturation or full site occupancy, k a is the association rate constant (4) The association intensities at t = t 0 for each specific site, R 1 (t 0 ) or R 2 (t 0 ), are utilized as R 01 and R 02 in the dissociation fit at each iteration of the fit to eliminate discontinuity.
Extended dissociation runs were fit to the dissociation of two-independent sites consisting of a sum of two copies of eq 2. Fitting was offset from the switch from sample to buffer injection by 5 s to avoid contributions of residual bulk refractive index shifts.
For all fits, parameters were only restricted to non-negative values unless specifically indicated. All data sets were simultaneously fit globally and in triplicate to account for variance between instrument channels. All error is reported as one standard deviation as estimated by IGOR's global fit utility and reflects the uncertainty of the parameter within that specific fit and accompanying parameters.
Fluorescent Labeling. P22 S39C was treated with 5 mM DTT overnight and dialyzed twice into HBS. Sample was degassed by 4Â pumping and refilling with argon. Cy7 maleimide was added to 2Â excess and allowed to react overnight at 4°C. Excess Cy7 was removed using 40k Zeba spin columns. Labeling was assessed by UVÀvis according to manufacturer recommendations.
Primary Cell Assays Phagocytosis Assays. Primary cells were isolated from the spleen of a female BALB/c mouse. Red blood cells were lysed with ACK lysis buffer, and the primary cells were enumerated and diluted to a final concentration of 1 Â 10 7 cells/mL. Cells were analyzed for the presence of B lymphocytes and 85% of cells were B220 þ , CD19
þ . Cells (1 Â 10 6 ) were then transferred to a 48-well plate and allowed to synchronize on ice for 15 min after which capsid samples were added, 1 μg of P22 in each sample. For no-particle controls, 20 μL of PBS was added. The cells were again synchronized on ice for 15 min followed by a 60 min incubation at either 37 or 4°C to analyze endocytosis and cell binding, respectively. For each set of assays (DecCD40L or DecSelf) a splenocyte extract of a single mouse was used for all replicates. Cells were analyzed with a FACSCanto (Becton, Dickinson and Company) and data were evaluated with FlowJo X (TreeStar).
Transmission Electron Microscopy. Samples (5 μL, 0.1 mg/mL protein) were applied to carbon-coated grids and incubated for 30 s. Excess liquid was wicked away with filter paper. Grids were then washed with 5 μL of distilled water. Grids were stained with 5 μL 2% Uranyl acetate and excess stain was wicked away with filter paper. Images were taken on a JEOL 1010 transmission electron microscope at accelerating voltage of 100 kV. 
